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INTRODUCTION

Thls technlcal note summarizes the Iaboratory Investigatlon, requirements
of Contract NAS 8-11L76 between Lockheed Misslles & Space Campany and
NASA's Marchall Space Flight Center and covers & period from July 1964
through February 15, 1965. ‘fhe investigatlon included experiments with
1iquid hydrogen, liquid oxygen, and 1liquid rocket fuel (RP-1) to determine
the fcasibil.ity of using an RF resonant-cavity technlque for detecting

the liquid level. The effects of filling rates, internal tank insulation,
slosh baffles, ewrface conditiurs, and suction lines on accuracy and mode
Juiping were studied. 1In accordance with contract requlrements, the nuxt
or second phase is to demonstrate the use of this technique In ::of\:)unction

vlth large-scale tanks.
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SUMMARY

The bagic principls of the RF resonant-cavity, liquid-sensing technique

is that the dlelectric property of & fluid conteined in & tank (cavity)
with conducting walls causes the recomint frequency to change in
proportion to the amount of that fluld in the cavity. The cavity is
excited by radlo frequency (RF) electrical energy and & change is detected
in the resonant frequency when it is compared to that of the empty tank.
By applyirg %« scallng factor, the level or volume of the fluid in the tank

is determined.

An alumimmm cryogenlc tank, 2% in. diameter and 24 in. high, and &
copper tank, 22.5 1n. wide and 22,5 in. high and baving & 0.8020-in.=
thick wall were used for the Investigation. The testing of the ligquid
hydrogen and liquid oxygen was conducted &t the cryogenic facility at

the Lockheed Sante Cruz Test Base. The RP-1 testing was conducted at the
Iockheed facility in the Moffett ¥ield Bangsr No. 1. Simulated testing
for proving system designs was conducted in the development laborato:y
of Iockheed's Research and Development facilities in Building 151 at

Sunnyvale, California.

Two types of RF instrumentation systems were employed. The first type
was & sweep ganerator that required manual tracking of the reaonr:;nt
frequency. The second type used a self-excited oscillator technigue in
vhich the tank was the frequency-determining element. Supporting instrue-

mcntation for the cryogenic testing consisted of three types that were
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mounted luside the tanmk:i. One set of four resistance temperature probes
(RTB's). Two of these were mounted at the same helight and, therefore,
only three discrete clvels could Le detected. A serlies of 10 carbon
resistors provided contimuous level monitoring with a8 discrete level pcint
at cach of the 10 resistor location. The third type consis*ed of 12
Independent carbon resistors. Each of these resistors provided a positive
Indication of being In or out of the eryogenic liquid. Liquid measure and

scales for weighlng were used for determining the amounts or levels of

RP"'l-

The various internal tank configuratlons included a simulated slosh baffle,
& simulated metalllc suction line, and internal cryogenic insulation. For

simulating zero "g," an internal tank void was provided by & hollow non-

metallic tube.

Tank measurements were made to determine all modes, phase and impedance

characteristics, and to determine the effect of the internal tank conflu-

rations.

The Influence of surface effects on system accuracy and mode Jumping

was investigated. During the cryogenic tests, the vent velve was

closed. This caused the tank pressure to increaese and thus stop surfacs
bolling. With several different liguid levels of RP-1, tie tank vas
tllted up to 60 degrzes from the vertical and the change in resomant
frequency was recorded. Also, with RP-1l, the tank was mechanically oecll-

lated until violent slosliing occurred.

“fables, 1llustrations, date plots, and disgrems 2re included vith the

discussion.
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Same of the more importaat results of the laboratory irvestigation are

as foliows:

o The radio-frequency, resonant-cavlity sensing technique 1s sultable

for liquld-level deilermintztlon,
0 The tochnlgue offers s high degree of accuracy with good resolution.
0 The technique offers fast response with excelle  .(epeatability.

o Installation of & system is simple, weight &nd power requirewents

are low, and reliability 1s higa.

o System accuracy remains within acceptable tolerences under changing

surface conditions.

o Internal tank configurations and the specific liquiu must be taken

into consicderation durlng the design of the system.
o Test results conform to the theory.

o Zero "g" simulated test resulte indicate that the technique may
prove sultable for determining liguid l.vel {volumnc) measurements

under a zero "g" condition.
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DISCUSSION

Background

The use of RF techniques to neasure cryogeanic or other liquid in a ﬁel
tonk is besed on the fact that the tark can be made to function as a
cavity resonator. The rescnant frequenclies will be influenced by the
shape of the tank and by the amount of the dielectris in the tank. The
change in resonant frequency can be calibrated to indicate the change

in the quantity oi Iluel.

For a right circular cylinder cavity, resonant wavelength can be dete:'-

mlned by the following formula;*

2L »

-
=

where

7\= free space vavelength of the resonant frequencies
D = cavity diameter
L = cavity length
X1y = n®® root of J'i (X) = O for the TE modes
or n®® root of 3 (X) = O for the ‘ku modes

n = number of one-haif wavelengths along the axis

An extremely large number of fileld coafigurations (modes) are pescible,

and these can be calculated by utilizing the appropriate Bessel function

¥CGarol G. Monvgamery, Te..nique of Microwave Mcasurements, McGraw.Hill
Book Co., N. Y. 1947, pp. 297~ 308
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rool in the above formula. In practice, however, cavity oscillators are
usually designed to operate in one of the lower crder modes, with the final
choice being governcé by frequency, tuning, Q, coupling considerastions, or
a combination of these fectors. The table below lists roots of J; (X)

1
and Jl (X) for severa™ of the lover order moldes.*

TE - Mode Xim  n/L T -~ Mode Xim n/L
T 4, 1.841  1/L ™10 2.405 o
TE, 10 1.811  2/L o1 2.%05 1/L
TEgy1 3.8 1/y ™10 3.832 0
TE211 3.054  1/L ™Moo 2.k05  2/L
™1, 3.8632 1/L

Filling the cavity wich dielcctric material incresses the wavelength over

the free-space value in accordsnce with the following formula:

T
TAEA S B

where Er 15 the relative dielectric constant of the material introduced

into the cavity.

Cavity size for the experimental program was determined by cryogenic

tank availability. I1deally, to favor the ™ modes, thz ratio L/D should
be less than 1, whereas, to favor 1E modes L > 1%* should apply. In
each case the lowest order mode should e dgniu'.nt. Loop placement and
orientation can also be adjusted to favor a given mode. This was dore in

the case Jf the Phase I experimental program, since the L/D ratio was 1.

*For a morc complete listing see: Roger F. Harrington, Time-BEarmonic
Elsctromagnetic Fislds, McGraw-Iill Book Co., N.Y., 1901 p. 205

i+Harrington, op cit. pp. 213-16
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Two experimental apprcaches were investigated., One consisted of sweeping
the tank with a signal generator &and noting the change in resonant frequency
as & function of £ill. The other approcach utilized the tank as the

frequency-determining element of an oscillator, and the change in frequency

was determined as a function of amount of liquid in the tank.
Instrumentation

A 'bloc}: diagrem of the experimentil sweep generator RF system 1s shown in
Figure 1. An operator manually tracked the resonant peak depicted on the
oscilloscope trace. This was accomplished by tuning the output frequency
of the Hewlett-Pachard Model 603 signal gererator (No. 1) to maintein a
frequency marker at the tank resonant frequency as displayed on the
oscillescope. Figure 2 illustrates a typical oscilloscope trace with a
frequercy marker at the resonant peak. Signal generator No. 2 (H-P Model
608) was ret near the empty resomant frequency of the tank. The difference
frequency between the two signal generetcrs was detected by the balanced
modulatar, and the output applied to an H-P Model 524 freguency counter.
A digitsl print-out of the di fferehce frequency was provided at fixed

intervals of two (2) seconds for most of the tests.

The experimental self-oscillating RF system is shown in Figure 3. The
wide-band UHF amplifier provided positive feedback across the tank, and
the combination served as an RF oscillator., The HeP 608 sigunal generstor
we.. set &t or nesr the empty-tank frequency. As the tank filled, f,
decreased in frequency, and f, - £y ( AF) incressed as a function of the

amount of dielectric in tae tank, The O - 50 Mc band-pass amplifier
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served as a filter sgainst the sua Irequencies and also provided sufficient
amplitude tu drive the electrcnic counter. As was the case for the mamual

gystem, the A F and elarsed time were printed out in digital form.
Crycgenic Testing

Liquid hydrcgen (L) and 1iquid oxygen (IOX) vere tested at the Lockheed

Santa Cruz Test Base (SCTB) facility.

Liquid Hydrogen Tests. Seven separate Lﬂb vests were conducted, and the

test conditions for each run are provided vith the individual summary.
The sequence of testing s outlined in the Lockheed Specification No.
LMSC T3 6528029, Rev. B was clocely followed. The experimental sweep

generator RF system (Figure 1) was used for all the LH, tests.

Resistance thermometers (RTB's) and carbon resistors were used to determine
the level of the Iﬁé and thus serve as calibration points for the RF
system. Figure 4 1s a typical chart recording of one of the series carbon
resistors. The internsal tank insfrumentation without and with the baffles

installed is shown in Figures 5 and 6, respectively.

Lo Test Run No. J.. The first test, consisting of & single-fill and beil-

off cycle, wag conducted on 22 October 196k, The 24-inch-diasmeter alumirnam
tank was internally insulated, no slosh baffle was used, and a fiberglass

fill line extended into the tank.

The empty-tank resonant frequency was approximately 376 Mc. Total RF
frequency shift over the fili cycle was about 38 Me. Figure 7 shows a
plot of [&F versus elapsed time during the test run. Only the three RTB

level points were available for comparison on this test; however, the test

10
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d1d prove valuable 4 u system chock and as 8 qualitative 1ndicator

ot the fexsibility of the RF meiuhod of iinuid-level sensing. The experi-
mental data also Indicated that a time delay was required for the RTB
sensors to rosch the ldé temperatore. This delsy probably aceounted

for the frequency aiso:¢ Ancy at & given check point between f£ill and

boll-off cycles.

IHs Test Run No, 2. The tesh was conducted on 23:0:kober with couditions

identical to those establiished for West Run No, 1. The test procedure was
moditTied slightly in that the fiil was accouplishzd in three steps with a

85 noted on the ZXF‘versus

=

ten-minute boil~off between stop- Lo apd Je
Lime plot of Figure 8. On the finul oil-off cycle, back pressure was
allowed to Incresse from 2 psig to 20 psig in order to quiet the surface

of e ligaid. The output of tbe continuous-resistor-level sensor was not

properly ranged and the pea weu driven off the chart as soon as tho reslstors

vere exposed to the cold gas; therefore, caly the three RTB sensors provided

an ontput for calibintiom dweckpoints,

It may be noted from Pigure B iimt the resonsnt frequency of the trink
remained essentislly constant during tro ihcvessed back-rressure periods,
indicating that surface di:iurvaasces, such s Lhose caused by normal boil-

ing, &ppareatly do not in*roduece 7 U messuromenl errors.

Ly Test Rao No 3. This test was condunted 28 October 1964. The test
covditions were identical to those for Run Nos. 1 &nd 2 except that a
piece of 0.003-in,-thick copper T 11 1" in, wide was witipped sround the
portion of the £111 line extending into th~ tank, The foil wasg internally

grounded and provided & realistic simulaiion of a metal f£ill line,

15
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BEopty resonent frequency siifted from approximately 376 Mc to approxinmately
373 Mc and the total (f‘,F wvas about 32 Mc a&s compared with 38 Me for Run

Nos. 1 and 2.

Tzis test provided data concidernvly improved over that obtained from Runs
Nos. 1 and 2 because a sabstantizl number of calibration points was avajil-
able. The w.covering of each of the 10 esrbon resisters was discernitle from

the cont:lnuous-liquid-level chart recording during the boil-off cycle. .

A
A plot of licuid level versus 3% 35 snown in Figure 9. The i1l portion

of the test run is ploited sgainsy the thr2e RIH points., The difference
tetween these three points and coriespoading resistor sensor polnts obtained
duripg the boil-off cycle wes proobably due to the thcrmal lag of the RIB
sensors. The response Of an KPS is goud; however, the total mass of

Lhe probe and splashing of the I¥, caused uncertainty in the readings.

I¥o fest Run ¥o. 4. Run io. 4 was mede on 29 Octcber 1964. Physical

parancters of the tank were ideutical to those of run 3. The fill was
ancomplished in 3 steps, witk boil-off cycles in between 83 for Ruu No. 2.
The back pressure wes permitted Lo bulild up to 20 psig twice dQuring the
boil-off. Figure 10 shows & plot #rnk fill vé.rsus change in resonant
frequency. Again, limited calibricion pointe were avallable during £ill;
however, tie data obtsined were generslily consisten: with thoze of Pun jo.
3. The boil-off provided good comparafiivc data. The two pressure cycles
during boil~off caused no appreciable sbift in AF, thus corroborating
the results of Run No. 2 ‘The RiB dats were quite widely dispersed &s

was noted during the preceding tests.

17
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IHo Test Rur 1 .. 5. This test run was conducted on 17 November 196k.

Te interpal insulation was removed from the tank, approximately 2-1/2
inches of fiberglas insulation was wrapped around the tank, and solid f@
insulation was placed externally on the top and bottom of the tank. The
tenk and insulation were placed in & plastic bag which was purged with
helium during itae test run. Twelve 2.4 K ohm carbon resistors wer:e -
added . to the internal instrumentation. Each resistor was connected to a

separate recording channei.

The outputs from the contimuous-liquid-level carbon resistor lines, the
RTB's, and the 12 separate carbon resistors were recorded and compared

with tre A\F.

Figure 11 illustrates liquid height as determined by the single-resistor
sensors and the corresponding frequency difference for each calibration
point. The discrepsncies between 111 and drain cycles were much less than
when RTB's were used for camparison purposes. Note also that when start-
ing with a warm tauk, the resonant frequency shifted upward before starting
the normally downward shift. This can be adequately explained by tank
contraction during the cooling process. If the tank had cooled fram 294°K
down to 0°K, frequency would have shifted upward by about 1.T7h Mc due to

the decrease in cavity diameter.*

For the ™Moo mode, the formula for wavelength at resonance given in a

preceding section simplifies to

) = %TE_D_.. = 1.3056 D

where D = cavity dlemeter and Xlm = appropriate root of Bessel Function = 2.405.

Coldsmith, Veterman, and Hirschorn, Handbook of Thermophysical Properties

. of Selid Mat.ex__am, The Macmillan Co.,.196L, Vois. 1 and 2.
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The resorant wavelength of the tari: can be calculated by plscing the value
of D in the above formula for 2 given teuperature. Conversely, 1f resonant
frequency is lLnown at ambient and after the tank has cooled, the temperature
change of the tank can be estimated. Actually, the frequency change vas
about 1.3 lic, indicating that the tank cooled to. approximately 123°K, which
secms reasonmdble. Figure 12 is a plot of linear thermal expansion versus
temperature for aluminum. As nearly as could be determined from the
reference material, the expansion characteristies of the common aluminun

alloys are practically identical to that of pure aluminum.

During the boil-off cycle of this test, the fill valve accidently opened.
This vas detected with the RF system, and operators monitoring the other
sensor systems vere alerted. However, several minutes had elapsed before
confirmation from the fill.line pressuve and valves position sensing devices
was apparent. Cyclical variations over swall frequency ranges were noted
Jjust prior to the decresse of resonant frequency which indicated f£ill.

It is postuleted that the fill valve opencd in an erratic mannec and the
liquid was introduced in spurts, with boil-off in between. It was further
assumed that finally the valve remained open, thus resulting in a normal

refilling.

LH> Test Run No. 6. This run was conducted on 18 November 1964, and tke

same test conditions applied here as for Run No. 5. ‘Two power failures
vere experienced during the course of the test, and the digital priater
failed toward the end of the boil-off cycle. These detracted very little
from the value of the test which fact can be ascertained from the plot of
liquid height versus frequeucy differencp shown in Figure 13. The

fréquency shift near the empty condition was not as great as that for the

previous run in which tests were started with a warm tank. Ice from test
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Run Iio. 5 coated the tank external insulation. The frequency shifted
about 0.7 Mc wken the LHp was introduced. This would indicate that
the tank walls were at & temperature of about 213°K and then cooled
to 122°K. The data agreed quite well over most of the fill and drain

cycle with the data for Run No. 5.

IH> Test Run No. 7. This test run vas conducted on 25 November 196k,

Simulated metal slosh baffles and & fill line were placed in the tank,
cousing the empty resonant frequency to be raised to &bout 396 Me.

Data for the test are plotted in Figure 14. Note that when nearly

empty the resonant frequency increased bty approximstely 1.6 Mc before turn-
ing and behaving normally. The resorant frequency was essentially deter-
mined by the inside diameter of the baffles. Since the bafflies were not
sttached to the tank walls, they reached equilibdrium much more rapidly
with the introduction of LHp than was ithe case for the bare tank wall.
Hence, there was greater contraction and a correcspondingly larger shift in
the resonant frequency. The flattening of the curve near full,was not
observed in tests wlth noncryogenic materials. Présumably, the contraction
of the upper rings of the baffle more than offset the normal frequency
change effects due to the LHp fill. Near the empty tank condition, other
resonant modes were observed, which were probably ceused vy contraction

of the baffles. This resulted in poor electrical contact with the tank

walls.

For this run, the series resistor liquid-level sensor provided calibration

checkpoints on both the fill and drain cycles. A plot of liquid height

versus [&F‘appears on Figure 15. Note that up through resistor 10 agreement
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15 quite good with Figure 14 in which lndividual carbon resistors waore

the sensing elenents.

Liquid Oxygen Tests. Tests were conducted aL the SCTB facility on

2527 January 1965. The tanit contained a teflon fill line, and the 12
individual level-sensing carvon resistcrs mounted on & teflon tube that
extended the length of the tank midway obetween the center axis and the
sideweil., The tank and Instrumentation are shown in Figures 16 and 17.
Because of possible incompatibility with I0X, the fibergla.s for the f£ill
line and instrumentation boards removed from the tank, & mlct of the test
results is shown in Figure 18. Note the similarity between the liquid
height versus AF curve for LOX and those for Lip. Empty resonant
frequency was 377 Mc for the mO]_O mode, and the frequency decreased to

about 314 Mc when the tank was full. Empty tank Q was a&bout 300.

On the ba:ls of RP-l test res:lts cescribed in the following section,
it was anticipated that the TMOIl mode would be used for the IOX testing.
However, this mode was suppressed with the carvon resistor instrumentation

and associasted wiring in the tank., Consequently, & fill and drain was

conducted, using the sweep generatcr RF system in tThe TMOIO mode.,

Also depieted in Figure 18 are results for the self-excited RF system.
The iastrumentation was teken out of the tank, and che Bfy, . mode wvas

operative . 1 eapty to about 1/6 full. In the Ty, mode, self-excited

operation was possible comtinuously frem e 10 in, liquid level %o a completely

full tank. This covered approximately 60 percent of the range. In addit‘on,

oscillation in this mode cocurred at two other points during the f£ill

as indicated on Figure 18.
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resonant frequency for the qMOll node at the 12-.in, level would represent
a measurenent error of about 0.15 of 8 gallon out of about 24 gallous
or about 0.6 percent. On tbe other hand, the 4.7-Mc shift in the TMOIO

mode at the 6-in. level (\,lﬁ gallons) represented & measwement error of

1 gallon or 6.6 percent.

Fill tests were also made with baffles placed in the tank, and results
are shown in Flgure 22. For the TMOll mode, the empty resonant frequency
shifted downward to about 4.3 Mc. The resonant frequency of the ™Mo10
mode shifted upward to aboL“ LQO Mc, es wac the case for the LHp tests
with baffles. The TE;;y resonance was not observed over the £ill cycle.
There was considerable instability in resonance as the tank was filled
with double or triple resonance peaks occurring at irregular intervals.
It is likely that the RP-1 covering the baffle caused the conducting path
between the bvaffle and tank wall to vary. If the baffle were an integral

part of the tank structure, such spurious resonances would probsbly

~disappear.

Severe tilting of the tank, when about half full of RP-1l, caused shifting

of the resonant frequencies as indicated in Figure 23. The frequency

shift dild not follow the same pattern as was observed without the use

of vaffies. It was about the same for the two observed modes. Here, again,
variation. in conductivity between baffles and tank walls probably influenced
resonance characteristics., Severe sloshing caused the resomant frequency
to shift *2 Mc (il percent measurement error) about the center frequency

in the T,,, mode. Placing a metal fill line in the tank, whether baffles
vere present or not, caused rather extensive shifts in resonant peaks.

These resonances were & function of fill-line axisl position and penetration

36
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Into the tank. As a typlcal example, with the tack full of RP-1 (46
gallons with the vaffles in place), a fill line in the center caused the

TMOJI resonance to shift from 304 Me to approxinately 326 Mc.

Measurement Accuracy. A callbration run vwas made for the TMOll mode in

vhich resonant frequency was determined at 42 points over the £ill cycle.

The KP-l. fuel was either measured prior to transfering it to the tank or

weighed a&s it was removed.

Without reference to the calibration curve, aud starting with some liquid
in the tank, another complete fill cycle was run. Resonant ffeqpency
difference (AF) at four additional check points was &lso noted &s the
liquid was pumped from the tank. The results of these tests are shown
in Table 1, and a plot of the test results is shown in Figure 24. Note
that the check run follows callbrated values extremely well. Thils is
further illustrated by Figure 25 which is 2 plot of percent of full scale
of the measurement error. Measurements were repeatable, and it ie belleved
that the larger errors vere iue to (1) weighing and measuring errcrs , and
(2) the fuel that remained in the tank at the near-empty condition.
Actually, uear the empty-tank condlition, accuracy with the TMOll mode
would be somewhat better, since the frequency chenges are more than

500 Ke with each pound of RP-1 added to the tank in this portion of the

flll cycle.

Zero "g" Simulation Measurements

The schedule permitted an investigation of the effects of zero "g" on the
RF resomant cavity sensing technique. To simulate zero "g" conditions for

LHy, e void was created in the zarnk., A hollow 4 5/8-in. outside dismeter
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Rociet Fuel, RP-1, Tests

These tests were run at Locltheed facilities in the hangar area at Moffett
Fleld be.wzen 14 December 196k and 8 January 1965. Several different

types of tests were conducted and are discussed separately.

Rescnant Characteristics of the Tank. A series of fills was made to

accurately Jdetermine the resonant characteristics of the 24 in. aluminum

tonk utilizing RP-] fuel. Tests results for the tank without baffles or

fill lines are shown in Figure 19. The ™ mode has the same characteristic

010
shape exhibited for LH, and IOX tests. The ™,,, mode, while somewhat ~

o1
highir in frequency, did show much improved AF, particularly when nearly
enpty. The TElll mode also had good frequency resolution with £ill near
enpty but wvas considerably lower in amplitude than the other modes. The
MMy mede exhibited a double resonance over the entire fill cyele, with
ihe s0lid line always being several decibels greater in amplitude. To

furthker illustrate the improved characteristics of the mOll mode over the

mO].O mode for the tank used in the tests, both curves appear in Figure 20.

The mom mcde changed from 379 Mc down to 262 Mc, whereas the mou mode:

bad 8 frequency range Trom 448 Me to 310 Me. In addition, amplitude of
the ™o mode was 6-20 db gresicr over the fill cycle. The Q was
approximately 1000.

Tests vwere taken at several different fuel levels to determine resonante-

frequency shifts as a function of tilt angle and mode. The results of these
tests are shown in Figure 21. Note porticularly that the ‘IMO1
exhibited less shift 1n resonant frequency at the more severe tilt angles

lmode

then d1d the MMy mode. At the smaller tilt engles, & 600-kc shift in

32
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UBIE 1
RP=] VAN Indicated Percent
1BS, Check Run | Calid. Run Zrror - Lbs. Error | Tank Fill
) o o 1= — 0
5.9 | 3 M0 3.23M8] - k2 13 1.36
12.65 7.628 6.853 4143 s 3.99
19.4 110,37 10.531 - .29 .09 6.12
. 26.9 14.398 ik.c5h -.31 .C9 8.49
36.9 | 19.55 19.722 - .35 21 11.64
47.0 24 486 2L . 4F5 0 0 1%.83
B 56.9 | 28.480 22.601 - .32 .10 17.95
67.1 | - 32.201 32,172 + .09 .02 21.17
76.9 35.247 35,102 + .18 .05 24.26
87.0 38.037 37 93k + .20 213 2744
: 97.§ . ho.710 - 40,937 - .75 2k 30.88
T107.1 | he.8o7 L2 gk - .25 .08 33.79
116.9 15.185 5.z sk - .27 .08 36,88
126.9 k.71 h7.761 - .27 .08 “40.03
136.9 | s50.Mak | 50.k03 + .0k .01 43.19
146.9 53.%36 534319 + Jiz 13" 46.34
156.9 | 56.581 55,57k + .02 .ol 49.50
165.9 60.348 59.505 +0.88 . .28 52,33
17h2 |  63.510 63.857 -1.16 .36 54.50
182 . 66.699 " 60.395 +0.79 .25 5T.41
192~ | -70.98 70.816 +0.39 | .2 60.5T
202 (5.5 75.555 -0.10 .03 63.72
S 212 ' 80.176 - 80.26%L - .18 - .05 _66.86
- 85.062 |  85.232 |° .1 .0k 70,03
232 . | $0.201 90.203 | - .Ob .01 7319 .
241.9 | 95.359 . 95.430 ~aa3 .0l 76.31
251.9 | ©100.593 100,702 -.20 W05 | T9.46
T 261.9 .| 105.990 106113 | =.23 | .07 | 6e.62
< | o | 117150 111.619 4.7 .05 85.TT
1| 281.8 | 1mT.202 |- 17.271 - .10 - 03 | 89.90
| 22 | 122.856 122,766 + o1k Ok 91.86
1 3012 | 129.262 129.220 ¥ 06 R 95.02 -
- | 3m.2° | 135:838 135.948 | , = .16 .05 | 8.7
T 3w ] w0.009 | 1ko0.019 0 | .| 100,00
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caréboard tube evtending tre entire length of the tanl: provided the wvolid.
A gecond serles of experiments was conducted by containing 3.5 quarts of a
dielectrlc (polystyrene pelleis) material in a plastic bag. The bag was

posltioned iIn several locations in the copper tank.

Pigure 26 1llustrates the results of the center void simulation. The tube
was very lossy and cavsed the output to drop by approximately L4 db and

the Q to decrease from 1800 to less than 100. The curve shows that AF
curves with and without the void were nearly parallel indicating that the only

change was due to the difference In the amount of dielectric in the tank,

For the reverse condition, i.e. with the dielectric contalned in a plastic
‘bag, verious positloning of the dielectric resulted in ar error of approxi-
mately 2.5 percent. Table II is a tabulation of the data obtained during the

experiment. The empty tank frequency was LTh.6 Mec.

Table II

RESONANT FREQUENCY AS A FUNCTION
OF DIELECTRIC ILOCATION WITHIN COFPER TANK

Position of Dielectic o l ™ : TElll
Uniformly on Buttam ) hT1.6 Mc 403.7T Mc 2 5.2 Me
Top Along Axis 469.0 Me 39 Me 36 Me
Centev Axis 472.6 Mc 394.T Me  386.2 Mc
Bottom Axis 465 Mc OO Mc 385 Mc
Top, Parallel to Axls 469.5 Me 42 Me 392 Me

~ Center, Parallel to Axis L71.5 Me 399 Me 392.5 Mc

"~ Bottam, Parallel to Axis 468.5 Me %2 Me 390 Me

mode showed -

Impedance Measurements. After determining that the '.IMon

greatly improved reuconant-frequency characteristics near the empty~tank
~eonditions the spurious resonance near the W10 mode could not be easily
‘eliminated, the decision was made to utilize the M 1 mode: for the self-

0
excited system in tests with RP-1 fuel. Prior to this decision, however,
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8 brief investigation of the 'IMOll mdde was made to determine resonance
characteristics over the entire fil cycle. The following factors were

determinred in the course of these tests:

o For ithe empty tank, the TM,;; resomance occurred at 450 Mc and vas
frece of ary spurious resomances. Q was about 1000 and voltage amplitude

vas 16 times that of the mo, 0 mode.

0 The mou peak remained stronger than for any other mode over the

entire fill range.

o The amplitude of the peak decreased, at most, by a factor of 15 over

the range.
0 Q remained near 1000 throughout the fill.

o The ™Mpyj response remained clean and undistorted without spurious peaks

over the fill range.

0 The amplitude of the ‘IMOIO decreased miuch more severely as a function

of f£ill.

o A higher mode (TEQll) appeared, but it remained negligible until the
tank vwas nearly full, where amplitude was 6 db less than the mOll
node. Full resonant freq_uéncy for this mode was about LuU5 Mc.

To utilize the 'mon mode in the self~excited RF system, the input and
output impedances of the tank and the wide-band amplifier were detériined,
and the frequency response of the amplifier was tailored to’favAo:' this
mode. A plot of the amplifier galn characteristics after retunirg is
shown in Figuwre 27. Note that gain is good 4o 450 Mc and then decreases

quite rapidly. A galn of better then 20 db down to 180 Mc is available.
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The input ":nedance of the 'tank, with the output terminated with 50

ohrms, wes measured with a VHF bridge. The input admittance as & function

of liquid content is presented in Tahle IIT and plotted in Figure 28.
Admittance rather than impedance was presented because of more precise
readings from @ Smith chart calculator. It may be observed from Figure

28 that susceptance starts &t zero for the empty tank and then rises linearly
to constant value for increasing fill level. The conductance remsined
constant until roughly half full and then dropped to another constant

until roughly half full and then dropped to another comstant value for

the remainder of the fill cycle.

The tank output feeds into & wide-band amplifier, with an input impedance
that varies with frequency. In order to compensate for this changing
impedance, it needs to be known over the frequency range of the fill
cycle, Accordingly, measurements were taken with the VHF bridge in incre-
nents of 10 Mc from 450 Mc down to 300 Mc. The results are tabulated in
Tat;le IV and plotted in Figure 29. The input impedance wa.s. referenced

to the top of the input connector.

The reactive component of this impedance was capacitive for all frequencies
except 450 Mc and 440 Me. The amplifier circult as shown in Figure 307

has coupling capacitors at i:he input to the base of the first transistor. -
One would expect, therefore, that the mpedancé be capacitive at all
_frequencies. The inductive 7reactance observed was qulte small and could
have been due to the length of lead fram the top of the inﬁut connecter

to the capacitor terminal, This inductive reséctance could have been
slightly greater than the capacitive reactance at the frequencies involved.
The error inthe phasé-angle reading from the bridge 1s also enough to , 7
account for ‘this inductance.
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TABLE III

TANK IMPEDANCE*

RP-1 Content (gal.)

15
18
20
22
23
23 1/2
24

#50 chm load on output
¥*¥Characteristic impedance Zo = 50 ohus

l‘..“::.\,m e T

=
EO\O@'QO\\H#’WNHO

Normelized Lnput®*

.15
155

- .180

.160
130
160
.160
<175
175

175
.200

.185

Normalized Input¥*¥*

+.01
+,005
+.005
-.025
-.125
. =.066
-.100
-=,08
-.08
«.07
-.07
«. 07
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TABLE IV

AMPLIFIER IMPEDANCEX*

Rormalized Input#*¥* Normalized Input**

Reslstance
450 43 +.0k
Lko R +.05
430 47 -.05
420 A6 -.10
410 .52 «.21
k0o .50 .25
390 .53 -.27
380 .53 .34
370 - .55 -.37
360 .55 -3
350 .52 - U7
_3ko 67 -.62
330 .57 -.63
320 .58 -.70
310 .61 ~.T5
300 ' 5T -.91

*50 ohm load on the amplifier output
*#Characteristic impedance Zo = 50 ohms
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The purpose of the admittance and impedance reasurerents was to detexmine
circuit characteristics in sufficient detail to determlne requircments as
to phése skift and isolation for tie amplifier in &n experimental, self-

excited RF system.

Seif Sxclted System. The technique of measuring dielectric (fuel) content

using the self-cscillating system requires that the toial-.phase shift
ground the feedtacic lcop be zero. The lengths of cable leading from the
tanic to the ampiifier input and from the amplifier éutput to the tank can .
A’be adjusted so that the irput impedance of the tank and the amplifier |
be pure ii'eal at a singie frequeancy. Because tha system must operéte over
a range of frequenclles , the optirum choice of cable lengths should be for
the middle frequency in the range. Then su’bsequent"‘phase shifts at
othe~ frequlenéies,wb‘hldarema.’;n small enough to keep the loop ir{ osrcil-
lation. Attemators at the input and output of the amplifier can help
by providirg isolation, but only if the opem loop gain does rot fall
below unity. Isolators and matching devices would also be useful, but
ére_not available as stock items at these frequencles. Size, cost, and
delivery schedulecs were such as to preclude use of custom-bullt devices

for this eppiication.

In accordance with the impedance measurements, the cables were tallored
to be 0.520, 0.770, #nd- 0.557 wavelengths at 380 Mc (the middle frequency
of the RP-1 £111 range). The first two cables differed by A /L and vere
uced between the amplifier output and the tank. The third cable connected
the tank to the amplifier input (See Figure 3). The flrst two were used
separately to @etermine which worked best when the balanced moBular was

placed on the amplifier input or output.
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Tke tent was started with the iank a: provimat~1ly balf full with tre

0.520 fo (.0 = wavelength at 380 Mc) cable on the amplifier output.
Opgration frar 393 Mc down to 332 Kc vas possible by changing to the
O0.7T70 cable oa amplifier cutput around 380 Me. The tank was then emptied
ubtil approxirately 2 gallons of fuel rem:iiined. The svstem oscillated at

443 Mc with tkhe 0.567/0 cable on the azplifier input and the 0.770:%o.

_ cable on the output. Ro otker available cable combination was satisfact rry.

When the balarced modulator vas placed on the inpu‘i;',, the ],OOp. oscillatead,
with slight waveform distortion. With the balanced modulator on the output,
the waveform vas clearn é.nd undistorted. Upon adding RP-1, the feedback
loop maintained strong oscillations up to 410 Mc st whicn point the power
suppi}’ lead to the amplifier broke. Other cables were tried during this
run from 441 M¥c, but oscillation could not be sustained. The waveform
contimied to be best with the valanced modulator on the amplifier output

rather than the Input.

Results of tke tests indicate that self-oscillation can be maintained with
proper cable adjusiment. However, it is apparent that, with availsble instru-
mentation, input impedance measurements and properiy tallored cuble

lengths predicted on such measurements are required for each dielectric
material utilized. While thls is permissible for a custam installation,

where only one fuel is utilized, it has serious drawbacks 1 an experimental

setup where tests are donducted on & variety of liquids.

Dry Dielectric Tests

To aid in establishment of instrumentation and test procedure, to conflrm

RF loop size end placement, aad to furnisr backup material with other

"

¥

N e 1 pgev o wR MmN YNV



diel~rcuric xaterials, a thinly valiled cogner tank was fabricated in
dimensions reasonably near thoce of the 2hainck.ialuminum'tank. Tests
were conducted at various times curing Pnase I, partlcularlJ during the
car;y stages when irstrumentatio on requirencnic were belng investigated.;
The tenk also proved « valuable aid in determining wide-bard ampiifier

rcquirenenis and investigating the self-exited oscillator systen.

R .orant Characterist.cs of The Cobner Taa%; Both the diameter and

the heignt of the ccprer tank were 22.5 in. Therefore, resonant frequeicies
Tor the modes were siightly higher than those for the aluminum tank &s

indicated in the tabulation below:

’IﬁOll ""7"" » e
Tin10 403.8 e
TE1il 396.8 iic

The tank Q@ was extremely high, particulaerly with the 1id securely soldered
in place. For example, Q was in excess of 5,000 for the TMOlO mode .

Measuremerts of Q for the ™ node vwere made with the lid placed on

011
the tani: (but not soldered) and were &bout 1307. This value would undoubtedly

lave been higher had the 1ii been soldered in place.

The resonant-frequency characteristics of the cipper tark as a function
of fill are depicted in Figure 3Ly Note that the MMy, mode curve is
quite slnmilar to that for the liquids tested ln the 24-in. aluminum tank.
The TEy ;9 mode has bedter fill characteristics near empty than does the
Mgy mode. This 1s in accordance with experimental fludings of other

investigators.* It is to be noted, however, thut for this tank and pickup

¥G.A.Bunns and C. J. Melerbacktol, "Propellant Gaging Utilizing Radlo
Frequency Techniques," (paper yresented at the 1964 SAE Convention)
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locy configuration this node was lower in coplitude by 10 to 22 db than

was the C[Mo.,_l nod2 over the entire f£ill cycle.

With ‘oéffles pleced in the tank, the empuy resonant frequency for the

Moio wode increased 23 Mc to 427 Mc. & fill curve in vhich the polystyrenc
pellet clelectric material was used (as above) is shown in Figure 32. A
With 36 gallins of dielectric material in the tank, the resonant Irequency
was about 312 Mc. Ceueral shape of the fill curve agrees well with that
for RP-1. As indicated previously, however, the fill curve for Li,, with

barfies in the tank, was skewed near the full position.

Based on the resomant-irequency change betwecen empty and full condjcions,
the relative dieleciric constant of the poliystyrene pellets was s3lightly

kigher than 1.7.

~ Impedance Measurerz=nts. In order to use thie tank &as part of the self-

excitzed oacillator system, it was necessary to determlne tank input impedance
as & function of dielectric fill. To this end, measurements were taken

atr 5-gallon incremerts, using a VHF bridge excited by a signal generator.
Resonance was detected by a sharp dip on & meter which measured reflected

power fram the tank through & directional coupler.

The results of the impedance measurements ar. shown in Figures 33and 234

The plane of reference of the input lmpedance was taken at the top of the
input connector. The real part of the .mpedance varied between & low of

L hms and & high of 94 ohms. The imaeginary part, as expected, varied

over a wider range. The real part reflects the wall and dielectric con-
ductance losces in the tanl:;, whicih do not vary greatly orer the frequency
range of the molo mode. Becausc the tank inductive and capacltive reactance

add to zero at cach resonance, the imaginary parl of the lmpedance is only

(s d
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the loop irductive reactance which can vary rather widely cver the
frequency range. A subsequent messurerment ol loop 1nduct1ve‘reactance
as a function of frequency ig shown in Figure 35. It does not wary in a
manner similar Lo the tank inductive reactance. The loop reactance wes
measured Yy varying only the signal-gunerator frequency with an empty

tank -~ the tank being decoupi~d from the loop when not in resonanc2, The

tank impedance, on the other nand, was determined as & function of dielectric

content.

It is suspected that the dielectric produced capacitive effects that did
no’ show up in the loop reactance measurement. It is certain

that the changing inductlve reactance was due to the change of the loop
reactance with frequency because there was no other net reactance in tl:

system at resonance.

Self-Excited System. The problems of maintaining self-cscillation over

the f£ill range of the copper tank were quite similar to those encourtered
in the RP-1 and LOX tests with the aluminum tank. Cable lengths from

the tank to the amplifier input and output can be tailored so that the
impedance is pure real at & given frequency. If the required cable lengths
correspond to the middle of the frequency 1ange, subsequent pbase shifts

at other resonant frequencies of the tank would be small enough so that
oscillation could still be maintained at a given resonant frequency. Two
cable lengths could then be chosen for boil input and output, such that

the input or output impedance is pure resl, referenced from the amplifier
terminals (so-called plane of "detuned short" or "detuned open" located

A /b4 away). The two posslble reslstance values are plotted in Figure 36 at

resonant frequencles correspondlng to S-gallon increments of dielectric.
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Cable lengths were selected for the 350 Mc frequency, which was midfreguency

for the TMOlO nod2. The cable length from the output cf the amplifier o
the tank was tallored so that the amplifier would operate into an impedancc
of about L5S ohms. The input cable was tailored so that the amplifier
would cee & S5.5-ohm scurce impedance. This was to satisfy the conditions
of feeding the ampl'iier from a lov impelGnce source and loading it with a
relatively high impedance. The signal was detected with & sampling oscil-
ioscope on the input or cutput. Measurements were taken with a balanced
modulator both on and of7 the output of the amplifier. Roug measuremends

of oscillation frequency were made froz tie oscilloscope trace.

In the range of 17 to 35 gallons of dielectric, the output of the amplifier
vas measured as chown in Figare 37. In the range between 17 and 225
gellons, the waveform was distorted and changes in pericd indicated mode
jumping. At this pcint, dropout occurred over & lb-gallon intervel whan
the Lalanced modulator was connected to tae amplifier cutpnt. With the
balanced modulator rewoved, oscillations started again after 2 quarts of
dieiectric were added to the tank. Strong oscillations with good waveform
continued to the 35-gallon level. Additicnally, there was ro mode Jumping

over this range.

Starting with an empty tank, the input waveform to the amplifier was moni-
tored with the sampling oscilloscope. From O to 9 gallons, the waveform
was clean and utndistorted and increassed gradually as would normally be

expected. At 9 gallons, the occillations ceased, with the balanced modu-

lator on the amplifier output, but only for a range of 1.5 gallons. Without

the modulator, good results continued until the flll reached 1lh gallonms.

At this poini, the tank Jjumped to a higher mode of oscillation, with

- o il e o vk
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a verlod of 2.2 nanoseconds or around 450 Mc. This mode contimued to thc

17-gallon level. Results describced above are shown in Figure 38.

The self-exclted opcration with polystyrenc pellet dielectric material

in the copper tan:, the folloving factors were evlident:

o Wlthout the valanced modulator in the clrcult, the tank osclliations
vere sustained over the cntire fill range, except for & short interval
between 26 and 26.5 gallons of fill. EHowever, & high order mode was
sustained between 14 and 26 gallons, rather than the anticipated MMy,

mode.

o With the balanced modulator attached to the amplifier output, there
were several wide gaps in which osclillations did not occur in eny mode.
It is evident that the talanced modulator presented & loadirg problem,

with a resulting decreasc in loop gain.

The results ¢f the measurements and experlence gained throughout the testing
show that care must be exercised in the design of an RF liquid level sensing
system. However, the requirements &re no more demanding then for any

other RF system. Considering the wide range of application ar far as
materials and tank ccnfigurations, the investigation has proven that this

is a feasible technique. A design for a specific application at & more

favorable frequency should varify these observatlons.
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CONCLUSIONS

The followlng concluslons are based or the results of the laboratory

Investigation:

sl

i YT T T
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The RF resonant cavity sensing technique for determining liquid level

in fuel tanks is Ieasible.

The accuracy of the technique was higher thar the accuracy of avail-

able peasuring systems used for camparison.

Proper selection of mode, probe location, and circultry would result

In unwanted mode suppression &nd prevent mode Jjumping.

The system response time i1s limited only by readout or printout

1
1

equipment, It is conceivabl: that the te~hnique could be used for

flow measurement-.

Surface condltlions influence the accuracy; however, neither tank

tilt angles up to 60° from the axis, surface bolling nor sloshing

introduced serious errors.

A self-osclllating system can be deslgned for most appilcations.
The selection of the 24" eryogenic tank for this investigaticn imposed
demanding dlrcult ioadlng and matching problems because of the jparticular

resonant frequency "Hand.

Internal tark geometry such &s baffles, suctlon lines, internal insu-
iatlon, must be taken into consideretion when deslgnling an RF resonant

cavlty sensing systom.

Cursory investigation of operation under zero "g" condltion yielded

encouraging resul's.
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The resonant irequency curves resulting {rom the exverimental date

arc true beravicr and (ilifer frem the theoretical curves because

the theoretical curves are primarily 3 point curves.
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RECOMMENDATIONG

Inasuueh &s the results of the laboratory investipation have vecr

favorable 1t le recomacnded that the program proeced as follows:

o A larger tank Installation be made end cryopgenic testing be conducted

at the Lockhced Cryogenic Test Facilities at the Sante Cruz Test Base.

o A similar large scale test be conducted at thz Lockheed Moffett Hangar

facllities with RP-1.

0 Zero "g" silmulated tests be continued within the cost and schedule of

the contract.

o A computer program be prepared so that more points for the theoretical
curves may be plotted. The results of this should varify or cause
Turther study toc determine the reason for the difference between the
stralght-line theoretical curves and those obtalned fram the plots of

the experimental data.

o A study of radlation effects on the performance of the RF cavity te
conducted. Ievels would be based upon exposures &t varlous orbits

and mlssion durations.

It is further recommended that the last three items be conducted In lieu
of the liquié oOxygen testing. There would be no resulting impact on

the contract cost or schedule.
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